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CO2 reforming of CH4a b s t r a c t
Syngas production by CO2 reforming of CH4 in a ﬁxed bed reactor was investigated over a series of
activated carbon (AC) supported Co catalysts as a function of Co loading (between 15 and 30 wt.%) and
calcination temperature (Tc = 300, 400 or 500 C). The catalytic performance was assessed through CH4
and CO2 conversions and long-term stability. XRD and SEM were used to characterize the catalysts. It
was found that the stability of Co/AC catalysts was strongly dependent on the Co loading and calcination
temperature. For the loadings (25 wt.% for Tc = 300 C), stable activities have been achieved. The loading
of excess Co (>wt.% 25) causes negative effects not only on the performance of the catalysts but also on
the support surface properties. In addition, the experiment showed that ultrasound can enhance and
promote dispersion of the active metal on the carrier, thus improving the catalytic performance of the
catalyst. The catalyst activity can be long-term stably maintained, and no obvious deactivation has been
observed in the ﬁrst 2700 min. After analyzing the characteristics, a reaction mechanism for CO2 reform-
ing of CH4 over Co/AC catalyst was proposed.
 2014 Elsevier Inc. All rights reserved.1. Introduction
Syngas is a fuel gas mixture consisting primarily of hydrogen,
carbon monoxide. Syngas can be used in the Fischer–Tropsch pro-
cess to produce diesel, or converted into e.g. methane, methanol,
and dimethyl ether in catalytic processes [1,2]. Production meth-
ods include steam reforming of natural gas or liquid hydrocarbons
to produce hydrogen, the gasiﬁcation of coal, biomass, and some
types of waste-to-energy gasiﬁcation facilities.
Carbon dioxide reforming (also known as dry reforming) is a
method of producing syngas (mixtures of hydrogen and carbon
monoxide) from the reaction of carbon dioxide with hydrocarbons
such as methane. Synthesis gas is conventionally produced via the
steam reforming reaction. In the recent years, increased concerns
on the contribution of greenhouse gases to global warming have
increased interest in the replacement of steam as reactant with
carbon dioxide.
The dry reforming reaction may be represented by
CO2 þ CH4 ! 2H2 þ 2CO
Thus, two greenhouse gases are consumed and useful chemical
building blocks, hydrogen and carbon monoxide, are produced.Current research focuses on CO2 reforming of CH4 as the principal
process for the production of synthesis gas from natural gas and
coke oven gas. This process reduces greenhouse gas emissions,
and its products are the main raw materials in the synthesis of
liquid fuels (gas to liquid technology, GTL) [1,2]. However, given
that the average bond energy of the CAH bond in methane is
4.1  105 J/mol and the dissociation energy of CH3AH is up
to 4.3  105 J/Mol, the stability of the methane molecule proves to
be very strong. Thus, methane cannot be transformed or decom-
posed unless under high temperature conditions or under the catal-
ysis of a catalyst.
The major issue with this reaction is inevitable deposition of
surface carbon and morphology of this surface carbon is a function
of the metal used, duration of reaction, temperature of reaction,
and activation rate of CO2. Depending on the morphology of the
carbon, the catalyst may or may not show deactivation effect. This
carbon formation can be inhibited by choosing appropriate basic
support or promoters. Study on the catalyst development of this
reaction has been focused on screening a new catalyst to reach
higher activity and better stability. Numerous scientiﬁc publica-
tions reported that all members of group VIII transition metals
with the exception of osmium especially Ni, Ru, Rh, Pd, Ir, and Pt
perform an activity to this reaction [1–6]. Among these metals,
noble metals have been shown high activity and resistant carbon
deposition in CO2 reforming of CH4. However, based on economical
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considering their high cost and restricted availability, while Ni-
and Co-based catalysts are easily available [7]. The supported
nickel is commonly studied because of its low cost and better
availability. However, the supported nickel catalyst has a major
problem such as carbon deposition and leads to deactivation of
the catalyst and/or a plugging of the tubes [8–11]. Because of that
reason, it is impossible to avoid carbon formation under low or
unity CO2/CH4 ratios using nickel catalyst. Recently, although not
a focus of attention, it has been revealed that the supported cobalt
catalyst shows considerable activity for dry reforming of methane
process. Even though the catalytic performance, such as activity is
neither superior to nickel nor superior to the noble metal catalyst,
study on the supported cobalt catalysts was also reported to ﬁnd
out the better catalytic performance. It is also probable that the
mechanism of carbon deposition on cobalt metal is different from
that on nickel metal.
Budiman reported the surface features and catalytic perfor-
mance of supported cobalt catalysts for CO2 reforming of CH4
[12]. It was found that 9.0% Co/Al2O3 catalyst exhibited optimal
catalytic activity, while lots of large Co3O4 crystal particles formed
which could lead to decay in activity quickly due to carbon depo-
sition. Adding additives can slightly affect catalytic activity. The
research has found that the Co/SiO2 catalyst prepared from cobalt
acetate demonstrates the best catalytic activity and stability [13].
This catalyst is signiﬁcantly different in many ways, such as exis-
tence of Co species, metal-support interactions, Co particle size
and resistance to sintering and coking. The investigation has found
that 9.0 wt.% (or more) Co/Al2O3 catalyst calcined at 800–1200 C
not only exhibited high catalytic activity, but also showed optimal
resistance to carbon deposition [12,13]. It is Co and CoAl2O4 that
play a very important role in the reaction, and there are many dif-
ferent catalytic features between calcined at high temperature and
at low temperature. In summary, Co metal has high catalytic
activity, and can form moderately granular crystal after calcination
[13–17]. However, the catalyst life is still short. Choosing
appropriate catalyst support can lead to synthesis of a catalyst with
enhanced resistance to deactivation due to carbon formation by
decreasing the formation of carbon. A number of supports for these
active metals have also been investigated; Cobalt catalyst deacti-
vated rapidly when the conventional supports, such as Al2O3 and
SiO2, were employed.
The author has found that carbon materials (activated carbon)
can be used as a carrier. According to previous studies, carbon
materials have a certain catalytic ability for CO2 reforming of CH4
to syngas [18,19]. Carbon materials have a series of advantages,
including low cost, rich pore structure, large speciﬁc surface area,
and excellent adsorption performance as a carrier [19]. These
advantages favor the improvement of catalytic stability. Metal-
supported on the carbon carrier is easily recycled by combustion.
Moreover, the surface area, pore structure, and surface functional
groups of activated carbon play a very important role in the reac-
tion. In this paper, Co/AC catalyst was prepared by impregnation
method from Co(NO3)2 as active precursor, AC as a carrier. The
effects of cobalt salt on catalyst structure and performance on
CO2 reforming of CH4 are investigated using activity evaluation
as well as XRD, SEM and BET techniques. In addition, the reaction
mechanism is also important to be explained.2. Experimental
2.1. Catalyst preparation
A heterogeneous cobalt catalyst was prepared by wetness
impregnation of cobalt ion on an activated carbon (AC). Theactivated carbon carrier (15–35 mesh) was impregnated with a
solution containing the required amount of Co(NO3)26H2O for
12 h. The obtained solid was dried at 110 C for 4 h, and then
calcined at 400 C for 4 h. Finally, the catalyst was reduced in a
tube furnace at 400 C with H2 (100 ml/min) for 4 h. Ultrasonic
impregnation was carried out by placing the mixture of active car-
bon carrier and a solution containing the required amount of
Co(NO3)26H2O in an ultrasonic cleaning machine at a frequency
of 40 kHz for 10 min. After the mixture was allowed to stand for
12 h, the obtained solid was dried, calcined and reduced. Table 1
shows the proximate and ultimate analyses of active carbon.
2.2. Catalytic activity measurements
Catalytic activity measurements were taken at an atmospheric
pressure in a 20 mm diameter continuous ﬂow quartz reactor
using 100 mg of catalyst material. After heating for a given set-
point, CH4/CO2 mixture (CH4/CO2 = 1) was introduced into the
reactor. The gas hourly space velocity (GHSV) was 720 h1. After
reaching steady-state conditions, the mixture of reactant gases
and products was periodically analyzed by a gas chromatography.
The C, H, and O balance across the reactor was more than 97%. All
experiments with larger errors in the material balances were
rejected. Prior to analysis, the efﬂuent was passed through a
water-trap at 0 C in order to remove reaction water. The calcula-
tion equation of CH4 and CO2 conversion was followed:
XCH4 ¼
FCH4 in  YCH4 in  FCH4out  YCH4out
FCH4in  YCH4 in
 100%
XCO2 ¼
FCO2in  YCO2in  FCO2out  YCO2out
FCO2 in  YCO2 in
 100%
where X is the conversion of the CH4 or CO2, V/V; F is the gas ﬂow
rate of in and out, ml min1; Y is different fraction volume percent-
ages; superscript in is the inlet; superscript out is the outlet.
2.3. Characterization of catalyst
The crystalline structures of the catalysts were determined by
X-ray powder diffraction (XRD) with a computer-controlled Dan-
dong DX-2700 apparatus equipped with a monochromator for
the Cu Ka radiation (Cu Ka, k = 0.154 nm), operating at 40 kV and
30 MA. Spectra were scanned in the range from 10 to 80. Scan-
ning speed was 8/min under atmospheric pressure. Morphology
of the catalyst sample was observed by JSM-6700F type scanning
electron microscope (FESEM, the acceleration voltage of 0.5–
30 kV, resolution was 1.0 nm (15 kV)/2.2 nm (1 kV)). The catalyst
samples were deposited on thin amorphous carbon ﬁlms sup-
ported by copper grids. The BET speciﬁc surface area of the cata-
lysts was analyzed with a Sorptmantic 1990 instrument using
nitrogen as adsorbed at 77 K.
3. Results and discussion
3.1. Effects of impregnation amount
A series of Co/AC catalysts were prepared by wetness impregna-
tion from different content cobalt salt (15 wt.%, 20 wt.%, 25 wt.%
and 30 wt.%) precursors for CO2 reforming of CH4. Effects of the
impregnation amount on the catalyst activity are shown in Figs. 1
and 2. It was found that the order of catalytic activity of the differ-
ent loading amounts of Co/AC catalyst is 25% > 30% > 20% > 15%.
There is a decrease in surface area of Co impregnated activated car-
bon versus neat activated carbon (Table 2). The decrease in the sur-
face area could indicate that there was some amount of Co blocking
Table 1
Proximate analysis and ultimate analysis of AC.
Sample Proximate analysis, wt.%, ad Ultimate analysis, wt.%, daf
Moisture Ash Volatile matter C H N S O (diff)
Activated carbon 1.30 7.67 1.72 80.59 0.91 0.35 0.50 0.35
ad: Air dried; daf: dry ash free; diff: difference.
Fig. 1. Effects of impregnation amount on CO2 conversion (reaction conditions: gas
ﬂow rate: 120 ml min1, pressure: 0.1 MPa, CH4/CO2 = 1:1).
Fig. 2. Effects of impregnation amount on CH4 conversion (reaction conditions: gas
ﬂow rate: 120 ml min1, pressure: 0.1 MPa, CH4/CO2 = 1:1).
Table 2
Pore structure characteristics of AC and Co/AC.
Sample ABET (m2/g) VP (cm3/g) dP (nm)
AC sample 951.38 0.64 2.79
15% Co/AC 802.46 0.52 2.78
20% Co/AC 726.52 0.48 2.76
25% Co/AC 648.97 0.46 2.75
30% Co/AC 646.35 0.43 2.65
25% Co/AC (after reaction) 645.70 0.43 2.71
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result supported the SEM morphology that there was hardly
change in the surface morphology (Fig. 3). However, from theresult it can be assumed that 25 wt.% Co did not entirely load into
the pore site of the activated carbon because there was only a
slight decrease in the pore volume. As Co loading increases, the cat-
alytic activity of the catalyst increases until the saturation point
reached. The micro-porous structure of the carbon surface is
blocked when Co loading exceeds the saturation point [12–17]. It
is not conducive to gas molecule adsorption and activation. In
addition, the number of reactive sites on the carrier surface
decreases with Co loading up to the saturation point. Both reasons
result in reduced catalytic activity of the catalyst.
SEM images of different Co/AC catalysts are given in Fig. 3. It
was found that there is not Co cluster formation at low cobalt load-
ings. However, at cobalt loading up to 25 wt.%, it was found that
the excess Co started agglomerates. At higher Co loading, excessive
Co forms clusters on the catalyst surface and blocks the pores (as
shown in Fig. 3(B) and Table 2), the surface area and the micro-
pore amount of catalyst decreases. The preferred impregnation is
25 wt.%.
3.2. Effects of calcination temperature
Calcination is an important factor for catalyst preparation. It is a
thermal treatment process in the presence of air or oxygen applied
to ores and other solid materials to bring about a thermal decom-
position, phase transition, or the removal of a volatile fraction.
Reactions of calcination processes include the following: decompo-
sition of carbonate minerals; decomposition of hydrated minerals,
to remove crystalline water as water vapor; decomposition of vol-
atile matter contained in raw petroleum coke; and heat treatment
to effect phase transformations. Samples from the same raw mate-
rial (precursor) are converted into different products by variation
in the batch size during calcination. The effect of calcination tem-
perature (300 C, 400 C and 500 C) on the catalytic activity for
CO2 reforming of CH4 to syngas was investigated for Co/AC cata-
lysts, as shown in Figs. 4 and 5. The results show that the catalysts
exhibit the same catalytic trend under the three calcination tem-
perature. As the reaction temperature increases, the conversion
of methane and carbon dioxide gradually increases. At 950 C reac-
tion temperature, the conversions of methane were 98.4 v/v%
(300 C calcination) and 93.3 v/v% (500 C calcination); whereas
the conversions of carbon dioxide were 97.1 v/v% (300 C calcina-
tion)and 92.7 v/v% (500 C calcination). It was found that with
increasing calcination temperatures, catalyst activity decreases.
Catalyst activity has a sharp decrease at 500 C. The optimal calci-
nation temperature for the Co/AC was 300 C. This may be caused
by the direct effect of calcination temperature on the crystal struc-
ture of active components. According to calcination mechanism,
sintering is generated immediately upon the collision and concen-
tration of crystals, which is controlled by the diffusion and migra-
tion of active components. Component calcination under 300 C
may be easier to be restored. Under high calcination temperature,
sintering of the catalyst become more serious as time goes on.
Smaller particles aggregate to form larger particles; surface area
can decrease drastically [20].
XRD was carried out on all samples to identify the species
formed in the samples. Fig. 6 presents the XRD patterns of catalysts
with different calcination temperatures. According to the standard
Fig. 3. SEM image of the catalyst.
Fig. 4. Effects of calcination temperature on CO2 conversion.
Fig. 5. Effect of calcination temperature on CH4 conversion (impregnation amount:
25 wt.%).
Fig. 6. XRD patterns of catalyst under different calcination temperature.
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ite; the diffraction peak at 43.4 is contributed by Co. The intensity
of the diffraction peaks is different between the catalysts preparedfrom different calcination temperatures. The intensity of the cobalt
oxide diffraction peak of the 500 C calcination catalyst is higher
than that of the catalyst prepared at 300 C calcination. This result
suggests that the different calcination temperatures affect the
growth of cobalt metal oxide crystals. Too high calcination temper-
ature will promote the growth of the cobalt oxide crystals, and sin-
tering is also generally accelerated. Hence, a higher degree of
cobalt oxide crystallinity is formed. It is not conducive to the
reduction to cobalt metal. As a result, the active substance content
of the catalyst reduces; catalytic activity of catalyst decreases. The
diffraction peak intensity of cobalt oxide (XRD pattern) in the cat-
alyst calcined at 300 C is weak. It indicates that the cobalt oxide is
highly dispersed on the active carbon surface, and the crystallinity
is a moderate.
3.3. Effect of the ultrasonic wave
Ultrasonic cavitation is a series of dynamic processes that gen-
erate tensile stress when the ultrasonic wave spreads in the liquid.
At the same time, it forms a negative pressure in the partial liquid.
Thus, the original micro-bubble expands until it bursts, and then
the surrounding liquid breaks into the bubble with high tempera-
ture, high pressure, shock, and strong noise. This study selected
40 kHz of ultrasonic treatment for 10 min to investigate the effect
of ultrasonic impregnation on catalyst performance.
Fig. 8. Effect of ultrasonic on CH4 conversion (impregnation amount: 25 wt.%,
calcination temperature: 300 C).
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is signiﬁcantly higher than that of the catalyst prepared by conven-
tional impregnation, as shown in Figs. 7 and 8. CO2 and CH4 con-
versions are 98 v/v% and 97 v/v% over the catalyst prepared by
ultrasonic impregnation treatment; whereas CO2 and CH4 conver-
sions are 95 v/v% and 94 v/v% over the catalyst prepared by con-
ventional impregnation, respectively. It is mainly due to the fact
that distribution of the active substance on the carrier surface is
more uniformly after ultrasonic treatment. The distribution differ-
ences in the active substance on the carrier surface are shown in
Fig. 9. The distribution of active substance on the ultrasonically
impregnated catalyst surface is more uniform than that on the
ordinarily impregnated catalyst surface. These differences are
mainly caused by three reasons. First, in the static impregnation
process, the driving force for mass transfer is mainly the active
substance concentration gradient between the vicinity of the car-
rier surface solution and the active substance of the solution. In
the ultrasonic impregnation process, the particle obtains great
acceleration and kinetic energy by the ultrasonic vibration, which
can accelerate the active substance diffusion motion and increase
the active ingredient the mass transfer driving force. Eventually,
it improves the mass transfer rate. Second, the high-pressure shock
wave generated by ultrasonic cavitation affects the pore structure
of the carrier. This shock wave may cause the collapse of the
macro-porous and generate more micro-pores, thereby increasing
surface area of catalyst. It can adsorb more amounts of active sub-
stance and gas molecules, and improve the chance of the activation
of methane and carbon dioxide. Third, ultrasonic cavitation sup-
presses the formation of active substance soft agglomerates. Addi-
tion of ultrasonic wave can disperse active component of catalyst,
then enhance the dispersion of the active component, therefore
decrease the active group forming carbon-deposition, and as a
result, improve the resistance to carbon deposition. At the same
time, enhancement of dispersion is beneﬁcial to the improvement
of catalytic activity. On the other hand, eliminating carbon-deposi-
tion in time promotes the turnover frequency of the active site,
thereby speeding up conversion of CH4 and CO2. Report obtained
the same conclusion on this topic [23].
3.4. Life cycle assessment
Fig. 10 shows the effect of time-on-stream on the CO2 reforming
of CH4 at 950 C over Co (25 wt.%)/AC and Ni/Al2O3 catalysts. The
Co/AC catalyst maintained high catalytic activity for 2700 min.Fig. 7. Effect of ultrasonic treatment on CO2 conversion (impregnation amount:
25 wt.%, calcination temperature: 300 C).After reforming, no carbon deposition was observed on the Co/AC
catalyst. On the other hand, the Ni/Al2O3 catalyst showed gradual
deactivation over a period of 2700 min. The primary technical
problem of metal-loaded catalysts is the formation of carbon depo-
sition on the catalysts, which may plug the reformer tubes. Differ-
ent supports affect the resistance to carbon-deposition of catalysts
differently. This phenomenon may be attributed to two reasons.
First, the activated carbon carrier has a large surface area, on which
the cobalt oxide is uniformly dispersed. Second, the activated car-
bon carrier has many C@O, ACOA, and oxygen-containing func-
tional groups [19,24,25]. In the Co/AC catalyst, an oxygen species
with higher reactivity existed near active species, which seemed
to promote oxidation of the catalyst surface [19]. The oxygen in
the carbonaceous material includes the polar state and non-polar
state, such as OH group, carboxyl group and phenolic hydroxyl
group whose polarity is strong. Zhang et al. [26] reported that
the different oxygen species makes the nature of electrical energy
on the surface different; the catalytic activity depends on the
polarity of oxygen from different species. The oxygen in the anhy-
dride and lactone structures on the surface of carbonaceous mate-
rials is active oxygen, which is the main active component and
associate with H in methane molecules as the dipole force, and it
can reduce the activation energy of methane dehydrogenation. In
addition, they can change the shape and concentration of the elec-
tron cloud in CAH bond under the action of oxygen atom charge,
and promote the fracture of CAH bond to generate highly active
CH3* ions. These ions ultimately form CO and H2. It may be an
important factor in increasing catalytic stability.
3.5. Proposed mechanism of drying reforming over Co/AC catalyst
The catalytic activity of carbon catalysts for CO2 reforming of
CH4 is also previewed at home and abroad. In general, the dry
reforming reaction can be considered as a combination of CH4
decomposition and gasiﬁcation of the carbon deposits by CO2. In
addition, it was also demonstrated that the surface oxygen func-
tional groups participated in the reforming reaction [21,23,26].
CO2 reforming of CH4 over Co/AC catalyst was studied and the pro-
posed mechanism is as follows.
Firstly, CH4 could undergo a dissociative adsorption on the cat-
alyst surface. Then the reactive carbonaceous deposits from CH4
decomposition are gasiﬁed by CO2. The active metal M on the cat-
alyst reduces the dissociation energy barrier of methane, thus trig-
gering a chain effect. The cobalt grains and methane molecules
adsorbed form cobalt–carbon compound intermediates, which
Fig. 9. SEM images ((A) conventional impregnation; (B) ultrasonic impregnation).
Fig. 10. Life of catalyst (reaction temperature: 950 C).
154 G. Zhang et al. / Journal of Colloid and Interface Science 433 (2014) 149–155are combined through a certain bonding action. Then, the interme-
diate dissociates to form H*; carbon dioxide is rapidly activated by
H* to generate OH*. OH* reacts with CHx–M. The detailed reaction
course is as follows.
CH4 þM! CHx Mþ ð4 XÞH ð1Þ
CO2 þH ! COþ OH ð2Þ
CHX Mþ OH ! CHXO þHM ð3Þ
CHXO
 ! COþ XH ð4Þ
CHx M! CþMHX ð5Þ
CO2 þ C! 2CO ð6Þ
MHX !Mþ XH ð7Þ
HM!MþH ð8Þ
XH ! X=2H2 ð9Þ
The hydrogen atoms form hydrogen, and the active material M is
recycled for reuse. Two reactions of methane pyrolysis and carbon
dioxide activation can be speculated to be mutually reinforcing
each other. These reactions belong to the same reaction rate con-
trolling step.
Secondly, the surface of the activated carbon contains abundant
surface functional groups, such as hydroxyl, carboxyl, anhydride,
ether and quinone radicals, which has an effect on the catalyst
activity. These Oxygen-containing functional groups can makethe electron cloud shape and concentration distribution of the
CAH bond in CH4 be changed. CH4 adsorption and dissociative over
oxygen functional groups are the rate-determining step. CH4 dehy-
drogenates to form CHX* and H*. Subsequently, the obtained H* is
converted into OH*, O* and H2. CO2 and H* are converted into CO
and OH*. The processes of methane modular activation by oxygen
functional groups are as follows:
RAC@Oþ CH4 ! RAC@O . . .HACH3! RAC@OþH þ CH3 ð10Þ
CO2 þH ! COþ OH ð11Þ
2OH ! H2Oþ O ð12Þ
CH4 þ O ! CH3 þ OH ð13Þ
CH3 þ ð3 XÞ ! CHx þ ð3 XÞH ð14Þ
CHx þ O ! COþ XH ð15Þ
CHx þ CO2 ! 2COþ XH ð16Þ
XH ! X=2H2 ð17Þ4. Conclusions
The results show that 25 wt.% Co/AC catalyst displayed the
highest activity and stability for CO2 reforming of CH4. The loading
of excess Co (>wt.% 25) causes negative effects not only on the per-
formance of the catalysts but also on the support surface proper-
ties. It was not favorable for the adsorption of the gas. The
optimal calcination temperature for the Co/AC catalyst was
300 C. The result shows that the catalyst presented a good degree
of crystallinity and had better anti-sintering ability and coking
resistance ability after calcination at 300 C. Additional ultrasonic
wave can enhance and promote dispersion of the active metal on
the carrier, thus improving the catalytic performance of the cata-
lyst. By optimizing the metal loading (25 wt.% for Tc = 300 C),
highly effective and stable Co/AC catalysts can be obtained. The
catalyst activity can be long-term stably maintained, no obvious
deactivation has been observed in 2700 min. These results suggest
that cobalt catalyst is a potential alternative among non-noble
metal catalysts. A simple reaction mechanism for CO2 reforming
CH4 over a Co/AC catalyst is proposed after analyzing the charac-
teristics of the catalyst.
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